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1
IHI-NITRIDE DEVICES AND CIRCUITS

TECHNICAL FIELD

This invention relates to semiconductor electronic devices,
specifically III-Nitride HEMT devices with field plates, and
circuits which they comprise.

BACKGROUND

To date, modern power semiconductor devices, including
devices such as power MOSFETSs and Insulated Gate Bipolar
Transistors (IGBT), have been typically fabricated with sili-
con (S1) semiconductor materials. More recently, silicon car-
bide (S1C) power devices have been researched due to their
superior properties. III-Nitride (III-N) semiconductor
devices are now emerging as an attractive candidate to carry
large currents and support high voltages, providing very low
on resistance, high voltage device operation, and fast switch-
ing times. A typical III-N high electron mobility transistor
(HEMT), shown 1n FIG. 1, comprises a substrate 10, a chan-
nel layer 11, such as GaN, atop the substrate, and a barrier
layer 12, such as Al Ga,_N, atop the channel layer. A two-
dimensional electron gas (2DEG) channel 19 1s induced 1n the
channel layer 11 near the interface between the channel layer
11 and the barrier layer 12. Source and drain electrodes 14 and
15, respectively, form ohmic contacts to the 2ZDEG Gate elec-
trode 16 modulates the portion of the 2DEG 1n the gate region,
1.€., directly beneath gate electrode 16.

Field plates are commonly used 1n III-N devices to shape
the electric field 1n the high-field region of the device 1n such
a way that reduces the peak field and increases the device

breakdown voltage, thereby allowing for higher voltage
operation. Examples of field plated I1I-N HEMT's are shown

in FIGS. 2 and 3. The device in FIG. 2 includes a field plate 18

which 1s connected to gate electrode 16, 1.¢., a gate-connected
field plate, and an isulator layer 13, such as a layer of SiN, 1s
between the field plate and the barrier layer 12. Field plate 18
can include or be formed of the same material as gate elec-
trode 16. The manufacturing process for a device with a
gate-connected field plate 1s typically relatively simple as
compared to that for devices with different field plate con-
figurations, since there 1s no need to form separate field plate

and gate electrode layers, thus the deposition of the gate
clectrode and field plate can be performed 1n a single process-
ing step. However, the gate-connected field plate 18 in FIG. 2
increases the capacitance between the gate 16 and drain elec-
trodes 15, thereby reducing the effective operating speed of
the device. This increase 1n capacitance between the imput and
output of the device, along with the corresponding reduction
in high frequency response, 1s known as the Miller capaci-
tance elfect or Miller effect. For applications 1n which the
[II-N HEMT shown 1n FIG. 2 1s used, the source electrode 14

1s typically grounded, as indicated in the figure.

In the device shown 1n FIG. 3, the field plate 18 1s con-
nected to the source electrode 14, 1.e. field plate 18 1s a
source-connected field plate. Connecting the field plate to the
source electrode can reduce or eliminate the Miller effect,
since the voltage on the field plate remains fixed when an
input signal 1s applied to the gate electrode. For this configu-
ration, the capacitance between input and output 1s the
source-to-drain capacitance, which typically 1s small and
therefore has a negligible impact on device performance.
However, the manufacturing process for this device 1s more
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2

complicated than that for devices with gate-connected field
plates, such as the device of FIG. 2.

SUMMARY

In some aspects, a III-N based high electron mobility tran-
sistor (HEMT) 1s described. The transistor has a series of
IT1I-N layers, which form a 2DEG channel, a gate electrode on
a {irst side of the series of I1I-N layers in a gate region, a field
plate electrically connected to the gate electrode and sepa-
rated from the III-N layers by an electrical insulator and a
ground connection electrically connected to the field plate
and the gate electrode, forming a gate-connected grounded
field plate.

The transistors that are described herein can be operated by
biasing a source electrode of the transistor and the gate elec-
trode of the transistor, wherein during biasing capacitance
between an iput and an output of the transistor 1s minimized
in comparison with a similar transistor lacking the gate-con-
nected grounded field plate.

A circuit can include one of the transistors described herein
and that 1s a depletion mode transistor, along with a low
voltage enhancement mode transistor, wherein the source of
the depletion mode transistor 1s electrically connected to a
drain of the enhancement mode transistor.

An assembly can include one of the circuits that are
described herein with a substrate. The substrate includes a
conductive layer as the ground connection. The depletion
mode transistor and the enhancement mode transistor are
attached to the substrate and a source electrode of the
enhancement mode transistor 1s electrically connected to the
ground connection.

Other circuits can include a transistor that 1s described
herein along with a diode. The source of the transistor 1s
clectrically connected to a cathode of the diode.

Various embodiments of the transistors, circuits and
assemblies described herein can include one or more of the
tollowing features. The series of III-N layers can include at
least three I1I-N layers, each of the three III-N layers having
a different composition. At least one of the layers can be AIN.
The 2DEG channel can be a first 2DEG channel, the series of
I1I-N layers can form the first 2DEG channel 1n a channel
IT1I-N layer of the series of I1I-N layers and a second 2DEG
channel can be 1n the series of 11I-N layers and parallel to the
first 2DEG channel. An 1nsulating layer can be between the
gate electrode and the series of I1I-N layers. A gate recess can
be 1n the series of II1I-N layers in the gate region and at least a
portion of the gate electrode lies within the gate recess. The
field plate can have multiple portions that are each a different
distance away from the series of III-N layers. The ground
connection can be an electrically conductive layer that has a
lateral expanse that 1s greater than a lateral expanse of the
transistor. The field plate can be a slant field plate. The tran-
sistor can be a depletion mode transistor. A source of the
enhancement mode transistor can be grounded. The enhance-
ment mode transistor can be a vertical device and the deple-
tion mode transistor can be a lateral device. An insulating
layer can be between the enhancement mode transistor and
the substrate, the msulating layer electrically 1solating the
enhancement mode transistor from the substrate. The
enhancement mode transistor can be a vertical device with a
gate electrode and the drain electrode on one side of a series
of layers of the transistor and a source electrode on an oppo-
site side of the series of layers and the source electrode of the
enhancement mode transistor can be mounted directly on the
ground connection of the substrate. An assembly can include
a source lead, a gate lead and a drain lead on the substrate. The
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source lead can be electrically connected to the conductive
layer of the substrate. The gate lead can be electrically con-
nected to the gate electrode of the enhancement mode tran-
sistor and electrically insulated from the conductive layer of
the substrate. The drain lead can be electrically connected to
the drain electrode of the depletion mode transistor and elec-
trically insulated from the conductive layer of the substrate.
The circuit can include a diode, wherein an anode of the diode
1s electrically connected to the drain of the depletion mode
transistor. The diode, the enhancement mode transistor and
the depletion mode transistor can be on a common substrate
and the diode can include III-N materials. An anode of the
diode can be electrically connected to the ground connection.
The diode and the transistor are on a common substrate and
the diode can comprise a I11-N material.

DESCRIPTION OF DRAWINGS

FIGS. 1-3 are schematic cross-sectional views of III-N
HEMT devices of the prior art.

FIGS. 4-8 are schematic cross-sectional views ol embodi-
ments of semiconductor transistors with grounded, gate-con-
nected field plates.

FIG. 9 1s a circuit schematic of a semiconductor transistor
with a grounded, gate-connected field plate.

FIG. 10 1s a circuit schematic of an assembly comprising
two transistors.

FIGS. 11a and 115 are schematic plan and cross-sectional
views, respectively, of one embodiment of the assembly
described by FIG. 10.

FIG. 12 1s a circuit schematic of an assembly comprising
two transistors and a diode.

FIG. 13 1s a circuit schematic of an assembly comprising a
transistor and a diode.

Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

Semiconductor devices are described which are simple to
manufacture and do not suifer from the Miller capacitance
elfect. In some embodiments, circuits comprising the devices
are described. The manufacturing process for these circuits
can be simplified as a result of the inclusion of the devices.

FIG. 4 shows a schematic illustration of a III-Nitride
device, 1.e., a 1II-Nitride HEMT, that includes a gate-con-
nected field plate 28, wherein the field plate 1s electrically
connected to ground. This device 1s herein referred to as
having a “grounded gate-connected field plate”. As used
herein, the terms III-Nitride or III-N materials, layers,
devices, etc., refer to a material or device comprised of a
compound semiconductor material according to the stoichio-
metric formula Al In Ga N, where x+y+z1s about 1. As used
herein, two or more contacts or other items are said to be
“electrically connected” if they are connected by a matenal
which 1s suiliciently conducting to ensure that the electric
potential at each of the contacts or other items 1s about the
same at all times. As used herein, a “ground terminal” or
“oround” 1s a terminal with a potential (voltage) which the
driver voltage signal 1s referenced relative to. The field plate
can be connected to ground i a number of ways. For
example, the field plate can be connected to ground directly
by attaching one end of a conductive line to the field plate and
the other end to ground. Or, the field plate can be directly
mounted to a grounded portion of the circuit package, as
illustrated 1n FIG. 8 and described below. Alternatively, the
field plate can be connected to a terminal of the circuit pack-
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age which remains grounded during circuit operation, as
illustrated 1n F1G. 11 a and described below. Other grounding
schemes are possible as well. In addition to the gate 16 and
grounded gate-connected field plate 28, the III-N HEMT
shown 1n FIG. 4 also comprises two I1I-N layers, a channel
layer 11 such as GaN and a barrier layer 12 such as Al Ga,_ N.
A 2DEG channel 19 1s 1n the channel layer 11 between the
source and drain electrodes 14 and 15 adjacent to the interface
between channel layer 11 and barrier layer 12.

Additionally, the device can include any combination of
III-N layers that results in a III-N HEMT structure. For
example, the device can include an additional III-N layer 20
such as a layer of AIN between channel layer 11 and barrier
layer 12, as shown 1n FIG. 5. Or, the device can comprise a
series of III-N layers that results in two or more parallel
2DEG channels between the source and drain electrodes 14
and 15. An example of a device with two 2DEG channels 1s
shown 1n FI1G. 6. This device includes I1I-N layers 21 and 22,
which may be GaN and Al Ga,_ N, respectively, in addition
to the layers shown in the device in FI1G. 4. The device in FI1G.
6 includes a 2DEG channel 19 in channel layer 11 and another
in I1I-N layer 21. In some embodiments, the device 1n FIG. 6
can be designed such that there 1s a 2DEG channel 1n layer 21
but no 2DEG channel 1n channel layer 11, such as by includ-
ing compensating dopants or other impurities, such as Fe or
C, in channel layer 11. Or, the device mn FIG. 6 can be
designed such that the 2DEG 1n channel layer 11 1s substan-
tially less conductive than, and 1n some cases eliminated with
respect to, that in I1I-N layer 21, such as by including com-
pensating dopants or other impurities, such as Fe or C, n
channel layer 11.

The field plate 1s comprised of a conducting material and 1n
addition to being grounded, can be in any configuration that
reduces the peak electric field in the device and thereby allows
the device to operate at higher voltages. For example, 1n some
embodiments the field plate can include a single gate-con-
nected field plate, as shown in FIG. 4. In other embodiments,
the field plate can include multiple field plates, which 1s also
referred to as a field plate with multiple portions, as shown in
FI1G. 7. FIG. 7 illustrates such a device, 1.e., with two field
plates 28 and 28'. The two field plates 28, 28' are distinguished
from one another by their distance from the barrer layer 12,
by whether they lie 1n a recess 1n an isulating layer or over
the 1insulating layer or by the distance of their exposed upper
surface from the insulator layer or a I1I-N layer of the device.
When more than one field plate 1s used, all of the field plates
are electrically connected to each other, at least one of the
field plates 1s electrically connected to the gate, and at least
one field plate 1s electrically connected to ground. FIG. 7
shows the case where only field plate 28' 1s connected to
ground.

In devices with grounded gate-connected field plates, such
as those shown 1n FIGS. 4-8, the voltage on the field plate
remains constant. Hence, the input capacitance 1s unafiected
by the field plate, and the field plate does not contribute to the
Muiller etfect in the device. Additionally, the manufacturing of
circuits which comprise these devices can be simplified,
because the field plate can be directly mounted to a grounded
portion of the package. An example of this mounting scheme
1s shown schematically 1n FI1G. 8, where a slant field plate 28"
1s directly mounted to grounded portion 30 of the package. A
recess 1n the msulator layer 13 has one or more slanted walls.
The gate 16 1s shown as the portion that extends from the sides
of the recess 1n the insulator layer 13 where the insulator layer
13 contacts the layer of material of below 1t that 1s different
from the material of the msulator layer 13, as shown 1n FIG.

8 barrier layer 12. The gate 16 extends vertically to the
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grounded portion 30 and the slant field plate 28" extends from
the sidewalls of the gate 16 to the sidewalls of the recess. In
some embodiments, the slant field plate 28" includes the
potion of metal on the side of the gate closest to the drain
clectrode 15. The grounded portion 30 can be an electrically
conductive layer that has a lateral dimension or a plan view
surface area that 1s equal to or greater than a lateral dimension
or plan view surface area of the transistor.

In some embodiments, the III-N devices illustrated 1n
FIGS. 4-8 are depletion mode (D-mode) devices, such that the
device 1s 1n the ON state when the source electrode 1s at the
same voltage as the gate electrode, and the voltage at the gate
clectrode must be less than that at the source electrode 1n
order for the device to be switched OFF. In some embodi-
ments, the I1I-N devices illustrated in FIGS. 4-8 can include a
recess 1n the gate region of at least the III-N layer furthest
from the substrate, wherein the gate electrode resides within
the recess (not shown). In some embodiments, the III-N
devices illustrated 1in FIGS. 4-8 can include an insulating
material, 1.e., a gate mnsulator, between the gate electrode and
the I1I-N materials (not shown).

Circuits and devices which comprise at least one transistor
tor which the voltage at the gate electrode remains constant
can include transistors configured as shown i FIGS. 4-9.
FIG. 9 15 a circuit representation of devices of the embodi-
ments shown 1 FIGS. 4-8, wherein the field plate 28 1s
connected to the gate and to ground, as shown. The use of
these transistors in circuits and devices can simplily the pack-
aging and manufacturing process while at the same time
prevent the Miller effect from degrading the performance of
the circuits and devices. Embodiments of the circuits and
devices that include a grounded gate-connected field plate are
shown 1n FIGS. 10-13.

As used herein, “blocking a voltage™ refers to the ability of
a transistor to prevent significant current, such as current that
1s greater than 0.001 times the operating current during regu-
lar conduction, from flowing through the transistor when a
voltage 1s applied across the transistor. In other words, while
a transistor 1s blocking a voltage that 1s applied across it, the
total current passing through the transistor will not be greater
than 0.001 times the operating current during regular conduc-
tion.

The embodiment represented by the circuit diagram of
FIG. 10 comprises an assembly including a high-voltage
D-mode III-N transistor 40 with a grounded gate-connected
field plate and a low voltage enhancement-mode (1.€., nor-
mally off) transistor 42, where the source of the III-N tran-
sistor 40 1s electrically connected to the drain of the enhance-
ment-mode (E-mode) transistor 42, and the source of the
E-mode transistor 42 1s electrically connected to ground. The
assembly 1n FIG. 10 operates similarly to a single high volt-
age E-mode transistor. That is, an input voltage signal applied
to node 46 can produce an output signal at node 44 that 1s the
same as the output signal produced at the drain terminal of a
high voltage E-mode transistor when an input voltage signal
1s applied to the gate of the E-mode transistor and the source
of the E-mode transistor 1s connected to ground.

In the assembly of FIG. 10, when node 44 1s held at a
positive voltage, current flows from node 44 to node 47 when
a sulliciently positive voltage (i.e., a voltage greater than the
threshold voltage of E-mode transistor 42) 1s applied to node
46, and no substantial current flows when a voltage less than
the threshold voltage of E-mode transistor 42, such as 0V, 1s
applied to node 46. This configuration for a high-voltage
E-mode device can be preferable to a single high-voltage
E-mode device, because high-voltage E-mode transistors are

typically difficult to fabricate.
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When a high voltage (HV) 1s applied to node 44 and node
46 1s biased at 0V, E-mode transistor 42 blocks a voltage
which 1s about equal to |V, | or slightly larger, where 1V, | 1s
the magnitude of the threshold voltage of I11-N transistor 40.
A typical value forV , 1s about -5 to —10 V. The value of HV
depends on the particular circuit application, but HV 1s typi-
cally much larger than |V, |. For example, HV can be about
600V, about 1200V, or any other voltage suitable for high
voltage applications. The voltage at node 45 1s therefore about
equal to |V, | or slightly larger, so III-N transistor 40 1s in the
OFF state and blocks a voltage which 1s equal to about HV
minus 1V, |. When a high voltage (HV) 1s applied to node 44
and node 46 1s biased at a voltage greater than the threshold
voltage of E-mode transistor 42V, ., such as 2*V, ., cur-
rent flows from node 44 to node 47, and the voltage drop V
across E-mode transistor 42 1s much less than IV , |, typically
less than about 0.2 V. Under these conditions, the voltage at
node 45 1s V., and the gate-source voltage V -, of 1II-N
transistor 40 1s about -V ..

The III-N transistor 40 1s capable of blocking large volt-
ages, such as at least 600V or at least 1200V or other suitable
blocking voltage required by the circuit applications. Further-
more, the threshold voltage V , of I11-N transistor 40 must be
suificiently less than —V . such that when the assembly 1s 1n
the ON state, the gate-source voltage V -, , of III-N transistor
40 1s sulficiently greater than V , so that III-N transistor 40
conducts the current flowing from node 44 to node 47 with
suificiently low conduction loss for the circuit application 1n
which 1t 1s used. For example, V, can be less than -3V, -5V,
or -7V, and when the gate-source voltage V ..,, of III-N
transistor 40 1s about -V ., I1I-N transistor 40 can be capable
of conducting 10 A of current or more with less than 7 W
conduction loss.

E-mode transistor 42 1s at least capable of blocking a volt-
age larger than |V, |, where |V, | 1s the magnitude of the
threshold voltage of III-N transistor 40. In some embodi-
ments, E-mode transistor 42 can block about 2*|V,|.
Because the typical threshold voltage for high voltage
D-mode III-N transistors 1s about -5 to —10 V, E-mode tran-
s1stor 42 can be capable of blocking about 10-20V or more. In
some embodiments, E-mode transistor 42 1s a silicon (S1)
based transistor, such as a vertical S1 field-etffect transistor
(FET). In other embodiments, E-mode transistor 42 1s a ITII-N
based transistor, such as those described 1n U.S. patent appli-
cation Ser. No. 11/856,687, filed Sep. 17, 2007, U.S. patent
application Ser. No. 12/102,340, filed Apr. 14, 2008, U.S.
patent application Ser. No. 12/324,574, filed Nov. 26, 2008,
and U.S. patent application Ser. No. 12/108,449, filed Apr. 23,
2008, all of which are hereby incorporated by reference.
Additionally, the assembly shown 1n FI1G. 10 can also operate
similarly to a single high-voltage E-mode transistor if the
source ol E-mode transistor 42 and the field plate of 11I-N
transistor 40 are electrically connected to one another, rather
than electrically connected to ground (not shown).

FIGS. 11a and 115 show a plan view and a cross-sectional
view, respectively, ol one possible configuration for the
assembly of FIG. 10 after packaging. Only the relevant com-
ponents ol the package are included in the figure. In this
configuration, E-mode transistor 42 1s a vertical low voltage
S1 MOS device (FET) and III-N transistor 40 1s a horizontal
high-voltage D-mode device, wherein III-N transistor 40
includes a grounded, gate-connected field plate 28 which 1s
connected directly to a grounded portion 30 of the package,
hereby referred to as the package base 30. In some embodi-

ments, E-mode transistor 42 1s a II1I-N device, such as those
described 1n U.S. patent application Ser. No. 11/856,687,
filed Sep. 17, 2007, U.S. patent application Ser. No. 12/102,
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340, filed Apr. 14, 2008, U.S. patent application Ser. No.
12/324,5774, filed Nov. 26, 2008, and U.S. patent application
Ser. No. 12/108,449, filed Apr. 23, 2008. E-mode transistor 42
includes source, gate, and drain electrodes 64, 66, and 60,
respectively. E-mode transistor 42 1s mounted on a carrier 61,
and carrier 61 1s mounted on the package base 30. In some
embodiments, mounting one structure on another structure
includes bonding the structures using epoxy or solder bonds.
The carrier 61 at least comprises an electrically conductive
layer 91, such as gold (Au), adjacent to drain electrode 60, and
an electrically insulating layer 92, such as AIN, adjacent to the
package base 30. Insulating layer 92 eclectrically 1solates
E-mode transistor 42 from the package base 30. The III-N
transistor 40 includes source and drain electrodes 14 and 15,
respectively, as well as a gate electrode (not shown) which 1s
connected to field plate 28.

In this embodiment, field plate 28 of the I1I-N transistor 40
and source electrode 64 of the E-mode transistor 42 are con-
nected, such as by wire bonds or via holes, to the package base
30. The electrically conductive layer of the carrier 61 1s con-
nected, such as by wire bonds or copper stripes, to the source
clectrode 14 of I1I-N transistor 40, thereby ensuring that drain
clectrode 60 of E-mode transistor 42 1s electrically connected
to the source electrode 14 of III-N transistor 40. Gate elec-
trode 66 of the E-mode transistor 42 1s connected, such as by
wire bonding, to gate lead 76 on the package. Drain electrode
15 of the III-N transistor 40 1s connected, such as by wire
bonding, to drain lead 74 on the package. The package base
30 1s connected, such as by wire bonding or copper stripes, to
source lead 77 of the package. Terminal 47 on the source lead
77 of the package can be connected to ground. Alternatively,
the entire package base 30 can be bonded to a grounded
material rather than connecting 1t to the source lead 77 of the
package. Additionally, the assembly shown 1n FIGS. 11q and
116 can also operate similarly to a single high-voltage
E-mode transistor i terminal 47 1s not connected to ground
(not shown).

Other configurations of the packaged assembly 1n FIG. 11
are possible as well. For example, 11 E-mode transistor 42 1s
replaced with a low-voltage E-mode transistor which com-
prises a gate electrode and a drain electrode on the same side
and a source electrode on the opposite side of the I1I-N layers
that form the 2DEG from the gate/drain, then the low-voltage
E-mode transistor can be mounted directly on the package
base 30 without having an insulator between the low-voltage
E-mode transistor and the package base 30. This eliminates
the need for carrier 61. This also directly connects the source
clectrode to the package base 30, 1.¢., directly connects two
conductive portions together.

The assembly 1n FIG. 12 1s similar to that in FIG. 10, but
further includes a diode 70, where the anode of diode 70 1s
clectrically connected to the drain of I1I-N transistor 40. This
assembly can be used in circuit applications such as power
factor correction (PFC). In some embodiments, the diode 70
comprises I1I-N materials. For example, the diode 70 can be
formed of the same II1I-N materials as I1I-N transistor 40, and
diode 70 and I1I-N transistor 40 can furthermore be fabricated
on the same chip. A complete description of III-N diodes that
can be fabricated with the same III-N materials as III-N
transistors can be found in U.S. application Ser. No. 12/332,
284, filed Dec. 10, 2008, which 1s hereby incorporated by
reference throughout.

The embodiment shown 1n FIG. 13 comprises an assembly
including a high-voltage D-mode III-N transistor 40 with a
grounded gate-connected field plate and a low voltage diode
71. The source of the III-N transistor 1s electrically connected
to the cathode of the diode, and the anode of the diode 1s
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clectrically connected to ground. The assembly in FIG. 13
operates similarly to a single high-voltage diode. When the
voltage at node 84 V, 1s greater than O, the diode remains
OFF (i.e. reverse biased), and no current flows from node 84
to node 87. While V,, 1s greater than O but less than 1V, |,

where |V, | 1s the magnitude of the threshold voltage of III-N
transistor 40, the I11-N transistor channel 1s not pinched off, so
all of the Voltage 1s blocked by the diode 71, and the voltage
at node 85 V. 1s about equal to V,. Once V <4 18 Increased
above |V, |, the III-N transistor 40 1s biased OFF, so the
voltage at node 85 remains at about |V, | or slightly higher,
and all additional voltage (1.e., Vq,—-IV . |) 1s blocked by the
IT1I-N transistor 40. When the diode 71 1s forward biased in the
ON state, current flows from node 87 to node 84. In order for
this to occur, the voltage at node 84 must be less than
about —|V_ | where |V__| 1s the turn-on voltage of diode 71.
This assembly can be preferable to a single high-voltage
diode, because the turn-on voltage of a low-voltage diode 1s
typically lower than that of a ligh-voltage diode, so the
assembly 1n FIG. 13 can have lower forward conduction loss
than a single high-voltage diode.

In some embodiments, the low-voltage diode 71 1s a Si1-
based diode. In other embodiments, the low-voltage diode 71
comprises III-N materials. In still other embodiments, the
diode 71 comprises the same I1I-N materials as I1I-N transis-
tor 40, and diode 71 and III-N transistor 40 can furthermore be
fabricated on the same chip.

The III-N transistor 40 1s capable of blocking large volt-
ages, such as at least 600V or at least 1200V or other suitable
blocking voltage required by the circuit applications. Further-
more, when the assembly 1s forward biased such that current
flows through the diode 71 and through the I11-N transistor 40,
the voltage at node 85 1s about -1V _ |. The gate-source volt-
age V o, OF III-N transistor 40 under these bias conditions 1s
about equal to IV__|. The threshold voltage V,, of 11I-N tran-
sistor 40 must be Sufﬁmently less than IV _, | such that when
the assembly 1s 1n the ON state, 11I-N tran31stor 40 conducts
the current flowing from node 87 to node 84 with suiliciently
low conduction loss for the circuit application in which 1t 1s
used. For example, IV_, | canbe about 0.2V orless, V,, can be
less than =3V, =3V, or -7V, and when the gate-source voltage
V zouo Of 1II-N transistor 40 1s about equal to |V _ | 1II-N
transistor 40 1s capable of conducting 10 A of current or more
with less than 7 W conduction loss. Additionally, the assem-
bly shown 1n FIG. 13 can also operate similarly to a single
high-voltage diode if the anode of low-voltage diode 71 and
the field plate of I1I-N transistor 40 are electrically connected
to one another, rather than electrically connected to ground
(not shown).

Other features which are well known to be beneficial to
device performance can also be included 1n the structures 1n
FIGS. 4-8. These include but are not limited to gate insulators
between the gate electrode and I1I-N layers, surface passiva-
tion layers, and recesses 1n the gate region of the I1I-N mate-
rials. These features can be used individually or 1n combina-
tion with one another.

What 1s claimed 1s:

1. A III-N based high electron mobility transistor (HEM'T),
comprising;

a series ol I1I-N layers, which form a 2DEG channel;

a gate electrode on a first side of the series of I1I-N layers 1n
a gate region;
a field plate electrically connected to the gate electrode and

separated from the I1I-N layers by an electrical insulator;
and
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a ground connection electrically connected to the field
plate and the gate electrode, forming a gate-connected
grounded field plate.

2. The transistor of claim 1, wherein the series of III-N
layers 1includes at least three III-N layers, each of the three
I1I-N layers having a diflerent composition.

3. The transistor of claim 2, where at least one of the layers
1s AIN.

4. The transistor of claim 2, wherein the 2DEG channel 1s
a first 2DEG channel, the series of I11-N layers forms the first
2DEG channel 1n a channel I1I-N layer of the series of I11I-N
layers and a second 2DEG channel 1s 1n the series of I1I-N
layers and 1s parallel to the first 2DEG channel.

5. The transistor of claam 1, further comprising a gate
insulating layer on the first side of the series of 11I-N layers
and between the gate electrode and the series of I11I-N layers.

6. The transistor of claim 1, wherein the a gate recess 1s
included 1n the series of I11I-N layers 1n the gate region and at
least a portion of the gate electrode lies within the gate recess.

7. The transistor of claim 1, wherein the field plate has
multiple portions that are each a different distance away from
the series of 11I-N layers.

8. The transistor of claim 1, wherein the ground connection
1s an electrically conductive layer that has a lateral expanse
that 1s greater than a lateral expanse of the transistor.

9. The transistor of claim 1, wherein the field plate 1s a slant
field plate.

10. The transistor of claim 1, wherein the transistor 1s a
depletion mode transistor.

11. Operating the transistor of claim 1, comprising biasing
a source electrode of the transistor and the gate electrode of
the transistor of claim 1, wherein during biasing capacitance
between an 1nput and an output of the transistor 1s mimmized
in comparison with a similar transistor lacking the gate-con-
nected grounded field plate.

12. A circuit, comprising:

the transistor of claim 1, wherein the transistor 1s a deple-
tion mode transistor; and

a low voltage enhancement mode transistor, wherein the
source of the depletion mode transistor 1s electrically
connected to a drain of the enhancement mode transistor.

13. The circuit of claim 12, wherein a source of the
enhancement mode transistor 1s grounded.

14. An assembly, comprising,

the circuit of claim 12; and

a substrate, wherein the substrate includes a conductive
layer as the ground connection, the depletion mode tran-
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sistor and the enhancement mode transistor are attached
to the substrate, and a source electrode of the enhance-
ment mode transistor 1s electrically connected to the
ground connection.

15. The assembly of claim 14, wherein:

the enhancement mode transistor 1s a vertical device; and

the depletion mode transistor 1s a lateral device.

16. The assembly of claim 15, wherein an insulating layer
1s between the enhancement mode transistor and the sub-
strate, the insulating layer electrically 1solating the enhance-
ment mode transistor from the substrate.

17. The assembly of claim 14, wherein:

the enhancement mode transistor 1s a vertical device with a

gate electrode and the drain electrode on one side of a
series of layers of the transistor and a source electrode on
an opposite side of the series of layers and the source
clectrode of the enhancement mode transistor 1s
mounted directly on the ground connection of the sub-
strate.

18. The assembly of claim 14, further comprising a source
lead, a gate lead and a drain lead on the substrate, wherein:

the source lead 1s electrically connected to the conductive

layer of the substrate;

the gate lead 1s electrically connected to the gate electrode

of the enhancement mode transistor and electrically
insulated from the conductive layer of the substrate; and
the drain lead 1s electrically connected to the drain elec-
trode of the depletion mode transistor and electrically
insulated from the conductive layer of the substrate.

19. The circuit of claim 12, further comprising a diode,
wherein an anode of the diode 1s electrically connected to the
drain of the depletion mode transistor.

20. An assembly, comprising the circuit of claim 19,
wherein the diode, the enhancement mode transistor and the
depletion mode transistor are on a common substrate and the
diode comprises I11I-N materials.

21. A circuit, comprising:

the transistor of claim 1; and

a diode, wherein a source of the transistor 1s electrically

connected to a cathode of the diode.

22. The circuit of claim 21, wherein an anode of the diode
1s electrically connected to the ground connection.

23. An assembly, comprising the circuit of claim 21,
wherein the diode and the transistor are on a common sub-
strate and the diode comprises a I1I-N material.
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